In this study, the pH dependent adsorption of sodium caseinate onto the surface of 11 micron-sized calcium alginate microgel particles (20-80 µm) was evaluated by 12 electrophoretic mobility measurements (ζ-potential), microscopy, protein assay and a 13 protein dye binding method. ζ-potential measurements and protein assay results 14 suggested that protein adsorption occurred due to electrostatic complexation between 15 sodium caseinate and calcium alginate and was pH dependent. Results of protein dye 16 binding method were in agreement with those of protein assay and ζ-potential 17 measurements. Confocal laser scanning and fluorescence microscopy confirmed the 18 presence of protein layer on the surface of alginate microgel particles at pH 3 and 4. 19 Micrographs from transmission electron microscopy revealed a protein coating with a 20 thickness of ~ 206-240 nm on the gel particle surfaces. 21 22 Keywords 23 Calcium alginate microgel; protein polysaccharide complexation; alginate caseinate 24 interaction. 25 26 the presence of divalent cations such as calcium ions, the carboxyl groups from the 10.0 µg/mL) of BSA. The experiment was repeated thrice. The statistical significance 130 of difference between protein concentrations was assessed by one-way ANOVA using 131 Tukey's test at 95% confidence level (SPSS Ver. 20). 132 133
and Remon (1991) showed the possibility of using dye-labeled alginate gels to 60 visualize its interaction with poly-L-lysine using CLSM. However, the covalently 61 bound dye may alter the charge and solubility of the polymer ( 
Calcium alginate microgel particles preparation 85
The calcium alginate microgel particles used in this study were produced by the spray 86 chloride solution was created in the cylindrical encapsulation chamber using an air 89 atomising nozzle operated at liquid and air pressure of 1.5 and 2 bars. Pressurised (0.5 90 MPa) 2% (wt/wt) sodium alginate solution was counter currently atomised in the 91 chamber using compressed air at 0.5 MPa. The resulting alginate microgel particles 92 (20-80 µm diameter) were collected from an outlet at the base of the encapsulation 93 chamber. Alginate microgel particles were filtered (Advantec 5C filter paper) (<5 µm 94 pore size) under vacuum and washed twice with deionised water to remove excess 95 Ca 2+ ions. (1) 0.02% (wt/wt) sodium caseinate solution; 103
(2) 0.10% (wt/wt) alginate microgel solution; and 104
(3) 0.02% (wt/wt) sodium caseinate+0.10% (wt/wt) alginate microgel mixture 105
The aliquots were adjusted to the intended pH (3, 4, 5, 6 and 7) by adding 0.1 M 106 NaOH or HCl. 107 108 2.4 ζ ζ ζ ζ-Potential measurements 109
The ζ-potential of the samples was determined using NanoS Zetasizer (Malvern 110 Instruments Ltd., UK). The Smoluchowski model was used to calculate ζ-potential. 111
The sample refractive index and absorption was set at 1.33 and 0.01 respectively. 112
Three readings were obtained for each sample and the experiment was repeated thrice. 113
Preliminary trials showed that the excess caseinate molecules (if present) did not 114 significantly affect the ζ-potential measurements. Hence the samples were not 115 centrifuged and washed prior to ζ-potential measurements to remove excess caseinate. 116
The samples were measured without any dilution because initial trials showed that the 117 sample ζ-potential values did not change up to a dilution factor of 1:100. 118 119
Protein determination 120
Protein concentration was determined using Bradford micro assay (Bradford, 1976) . 121
The protein and alginate microgel stock solution were diluted as in Section 2.4. The 122 protein and protein-alginate microgel aliquots were adjusted to the intended final pH 123 (3 to 7) by the addition of 0.1 M NaOH or HCl solutions and centrifuged at 2500 g for 124 5 minutes. The supernatant of each sample was diluted 40 times with deionised water. 125 1 mL Bradford reagent was added to 1 mL diluted supernatant in a disposable cuvette. 126
The mixture was incubated at room temperature for 5 min and the absorbance 127 Preliminary experiments showed that 0.10% (wt/wt) of alginate microgels was the 167 minimum concentration required to give a consistent ζ-potential reading. In a separate 168 experiment, 0-0.05% (wt/wt) of sodium caseinate was allowed to interact with 0.10% 169 (wt/wt) of alginate microgels at pH 3. From the ζ-potential values, it was found that 170 0.02% (wt/wt) sodium caseinate was the minimum amount required to completely 171 coat the microgel surface. Thus, this concentration was chosen in this research work. In samples containing a mixture of sodium caseinate and alginate microgel particles, 201 the ζ-potential (23.80 mV) of the mixture at pH 3 (at pH < pI) was lower relative to 202 the ζ-potential (31.92 mV) of the pure protein solution ( Figure 2 ). This decrease in ζ-203 potential suggests that there is an interaction between sodium caseinate and calcium 204 alginate, which leads to a net increase in the microgel particle surface charge. At pH 4 ( Figure 2 ), sodium caseinate was close to its isoelectric point and was 212 partially precipitated as indicated by a ζ-potential of 1.14 mV. In the presence of 213 sodium caseinate, the ζ-potential value of the alginate microgels (-23.80 mV) 214 increased to -9.46 mV at pH 4. This suggests that the weakly cationic sodium 215 caseinate protein below its pI was still able to be adsorbed onto the anionic microgel 216 particle surface. This is a strong indication that electrostatic attraction is still 217 occurring between exposed patches of amino (-NH 3 + ) groups of the protein and 218 carboxylate (-CO 2 -) groups of the alginate gel. In the past, other researchers have 219 reported similar observations of electrostatic attraction between anionic 220 polysaccharides and cationic proteins in oil emulsions at pH below the pI of proteins 221 (Dickinson, 1995; Fang and Dalgleish, 1997) . 222 223 At pH 5, 6, and 7, ζ-potential of sodium caseinate-alginate microgel particles mixture 224 was no different than that of the protein solution ( Figure 2 ). This suggests that at these 225 pH conditions, the charge of sodium caseinate-alginate microgel mixture is dominated 226 by the more negatively charged sodium caseinate and that no interaction has occurred 227 between sodium caseinate and alginate microgel particles. As the pH conditions were 228 above the pI of the protein and pKa of the polysaccharide, the strong electrostatic 229 repulsion between the protein and polysaccharide will prevent complexation.
As sodium caseinate alone did not separate by centrifugation at 2500 g, only sodium 233 caseinate bound to the heavier alginate gel particles will be removed from the 234 supernatant after centrifugation. Hence, an assay of the residual protein levels in the 235 supernatant can be used as evidence to support the observations from the ζ-potential 236 measurements. After centrifugation, protein content in the supernatant of sodium 237 caseinate-alginate microgel particle mixture was compared to the original amount of 238 protein (0.02% wt/wt) added initially (Figure 3) . poly-L-lysine and chitosan is not yet widely accepted as safe for human consumption 338 (Zuidam and Shimoni, 2010) . The use of caseinate, a common food derived protein, 339 as coating will improve the applicability of encapsulation techniques in food products. 340 341
Determination of protein-polysaccharide interaction by protein dye-342 binding method 343
During the microscopy work, it was noticed that binding of a protein-specific dye, 344
Rhodamine B, gave sodium caseinate a pink colour. Figure 7a shows clear differences 345 in the pellet colour between samples where protein adsorption has occurred on the 346 surface of alginate microgel particles (pH 3 and 4) and samples where no adsorption 347 has taken place (pH 5, 6, and 7). Centrifuged pellets from pH 3 and 4 had an intense 348 pink colour whereas samples from pH 5, 6, and 7 were colourless. However, the 349 colour in pH 4 pellets was more intense than the pH 3 sample. This difference was 350 attributed to the fact that at pH 4 (pH close to the pI of protein), sodium caseinate had 351 started to partially precipitate as discussed in the previous sections. The increase in 352 surface area in the protein aggregates led to an increase in dye binding that translated 353 into an increase in colour intensity. 354
355
When the pellets were resuspended in water at their corresponding original pH levels, 356 colour difference between the complexed and un-complexed samples were still 357 evident. These resuspended pellets were subjected to 4 cycles of washing and 358 subsequent centrifugation-suspension. It was further observed that colour intensity 359 was retained in the complexed alginate microgel particles during these washings 360 ( Figure 7b ). These results confirmed that protein dye binding is an effective visual 361 method for determining the protein-polysaccharide interactions.
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The results from this study showed that microscopic techniques such as TEM, FM and 365 CLSM could be used to provide a definitive confirmation of protein-polysaccharide 366 interaction. Results obtained showed that sodium caseinate protein and gelled alginate 367 were able to form protein-hydrocolloid gel complex by electrostatic interactions. This 368 mechanism is likely to be similar to the complex formation between caseinate and 369 ungelled sodium alginate, which has previously been shown. Results from ζ-potential 370 measurements and protein assay showed the protein-alginate gel interaction was pH 371 dependent. The micrographs from TEM, FM and LM supported the results obtained 372 from ζ-potential measurements and protein assay and clearly showed a 206-240 nm 373 protein coating deposited on the surface of the alginate microgels at pH 3. 374
Additionally, a dye-binding method of studying protein-polysacchairde interactions 375 was briefly explored. Although further work needs to be done to better understand the 376 effect of the properties of the adsorbed protein layer on the microstructure of alginate 377 microgel particles (porosity, charge characteristics, and molecular weight) and 378 possible preferential protein binding of alginate to specific proteins from the sodium 379 caseinate, this work has shown that microscopic techniques that are non-destructive 380 and simple can be used as a supporting tool to more established methods in the 381 characterisation of protein interactions with polymeric microgels. 382 . Illustration of the possible interaction between caseinate protein and alginate microgel particle at different pH levels. Proteins are electrostatically bound to the surface of microgel particles at pH 3 and 4. Precipitated proteins at pH 4 may bind to one or more microgel particle causing bridging flocculation. At pH 5 to 7, repulsion forces acting on the proteins prevent surface binding. 
